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TITLE: METHODS AND APPARATUS FOR LONG-DISTANCE TRANSMISSION ACROSS
MULTI-MODE FIBERS

Technical Field

[0001] This invention relates to optical communications systems, and more particularly, to optical

communications systems utilizing multi-mode fiber.

Description of the Related Art

[0002] Optical communications systems may employ one of two types of optical fibers for the
transmission of data. A first of these types is single mode optical fiber. Single mode optical fibers are
those fibers designed to carry only a single ray of light (mode). Communications systems may use single
mode optical fibers for long distance links (e.g, hundreds, if not thousands of kilometers), as such fibers
may perform effectively at retaining the fidelity of a transmitted light pulse. One particular application of
signal mode optical fibers is in dense wavelength division multiplexing (DWDM) communications systems,
which may provide high bandwidth when utilizing single mode optical fibers along with high-precision

transmitters and receivers.

[0003] A second type of optical fiber that may be utilized in optical communications systems is multi-
mode optical fiber. A mutli-mode optical fiber may carry multiple modes. Multi-mode optical fibers
typically have a large core size and a high light gathering capacity. Communications system may employ
multi-mode fibers for short distance links (e.g., a few hundred to a few thousand meters), such as links
within a single building or between buildings within a complex such as a college campus. Due to their high
light gathering capacity, low precision transmitters and receivers may be used in communications systems
that utilize multi-mode fibers.

SUMMARY

[0004] Various method and apparatus embodiments that implement multi-input, multi-output (MIMO)
techniques in optical communications systems that utilize mutli-mode optical fiber are disclosed. The
techniques may include dispersion compensation, adaptive modulation, and optimization of modal coupling
diversity. Using these techniques may increase the performance (in terms distance and/or bandwidth) of

optical communications systems based on multi-mode fibers.

[0005] In one embodiment, an optical communications system includes a digital signal processor that
performs space-time encoding of a data stream prior to the transmission of optical signals onto a multi-
mode optical fiber. On the receive side, received optical signals are converted into electrical signals which
are then provided to another digital signal processor. The digital signal processor on the receive side may
perform dispersion compensation based on estimated channel characteristics. Subsequent to performing the

dispersion compensation, space-time decoding may be performed to recover the original data stream.
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[0006] In another embodiment, an optical communications system includes a digital signal processor that
performs adaptive modulation, on the transmit side, prior to the transmission of optical signals onto a multi-
mode fiber. Adaptive modulation may be performed to account for channel characteristics such as
temperature and micro-vibration effects. Information indicative of the channel characteristics may be
conveyed to the digital signal processor on the transmit side from the receive side via another
communications link (e.g., another fiber-optic link). The digital signal processor may use the information
indicative of the channel characteristics to more closely match the modulation of the signals to be transmit

to the characteristics of the channel upon which they are transmitted.

[0007] In yet another embodiment, an optical communications system may utilize available optoelectronic
capacity to optimize modal coupling diversity. The optimization may be performed in such a manner to
ensure that a transceiver does not exceed its thermal budget. In one case, a static thermal design power
value may be allotted to an array of lasers or other optical transmission devices. In another case,
transceiver temperatures may be measured and a portion of an available thermal budget may be allotted to
the optical transmission devices. In cither case, a number of optical transmission devices that may be
operated without exceeding the thermal budget is then calculated. Modal coupling characteristics may be
measured at a receiver based on transmissions from each of the optical transmission devices. A set of the
optical transmission devices having a maximum modal coupling diversity may then be selected, and

communications may subsequently be performed using the devices of the selected set.

[0008] Embodiments may be implemented using as few as one of the techniques described above.
Furthermore, embodiments that implement all of the techniques described above may also be implemented.
Using these various techniques may enable the implementation of optical communications systems at costs
comparable to other optical communications systems that utilize multi-mode fibers while achieving
bandwidth and distance associated with more expensive optical communications systems based on single-
mode fibers.

BRIEF DESCRIPTION OF THE DRAWINGS

[0009] Other aspects of the disclosure will become apparent upon reading the following detailed

description and upon reference to the accompanying drawings in which:

[0010] FIG. 1 (prior art) is a block diagram of a prior art optical communications system;

[0011] FIG. 2 is a block diagram of one embodiment of an optical communications system;
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[0012] FIG. 3 is a block diagram of one embodiment of an optical communications system utilizing

adaptive modulation;

[0013] FIG. 4 is a flow diagram of one embodiment of a method for optimizing modal coupling diversity

using a dynamically-calculated thermal design power (TDP);

[0014] FIG. 5 is a flow diagram of an embodiment for optimizing modal coupling diversity using a

statically-calculated thermal design power (TDP);

[0015] FIGS. 6A, 6B, and 6C are representations of an aspect of an embodiment of an optical

communications system that has been optimized for TDP and modal coupling diversity;

[0016] FIGS. 7A, 7B, and 7C are further representations of an aspect of an embodiment of an optical

communications system that has been optimized for TDP and modal coupling diversity;

[0017] FIG. 8 is another representation of an aspect of an embodiment of an optical communications

system that has been optimized for modal coupling diversity.

DETAILED DESCRIPTION

[0018] The present disclosure is directed toward optical communications systems that use multiple input,
multiple output (MIMO) techniques with multi-mode optical fibers in order to increase transmission
distances and/or available bandwidths. Prior art optical communications systems based on multi-mode
fibers, such as that shown in Fig. 1, are limited in bandwidth and transmission distance relative to systems
utilizing single mode fiber. For example, at a transmission rate of 100 Mbit/s, optical communications
systems utilizing multi-mode fibers are limited in distance to about 2 kilometers (KM). Higher bandwidths
of up to 10 Gbit/s are achievable, but distances are limited to approximately 300 meters. Optical
communications systems utilizing single mode fiber may exceed both the distances and available bandwidth
over their multi-mode fiber counterparts by significant amounts. However, the implementation costs of
optical communications systems based on multi-mode fiber are significantly less than those based on single
mode fiber. The various embodiments of an optical communications system to be discussed below utilize
various MIMO techniques to increase the distance and/or bandwidth at which multi-mode fiber optical
communications systems may operate while maintaining their cost advantages relative to systems based on
single mode fiber. Whereas the prior art systems based on multi-mode fiber are limited in distance of up to
2 KM, or bandwidth up to 10 Gbit/s, the systems to be discussed below may exceed one or both of these

values.
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[0019] The techniques employed by the various embodiments described herein include dispersion
compensation, adaptive modulation, and the optimization of modal coupling diversity.  Optical
communications systems employing one of these techniques are possible and contemplated, as well as those

employing two or more of these techniques.

[0020] Fig. 2 is a block diagram of one embodiment of an optical communications system. The system
shown in Fig. 2 includes a first digital signal processor (DSP) 202 coupled to an array of optical
transmission devices (an array of lasers 208 in this case) that convert electrical signals into optical signals.
The system further includes a second DSP 218 including an array of optical-to-¢electrical (OE) converters
(photodiode array 216 in this case) that convert received optical signals into electrical signals. A multi-
mode fiber 212 of an extended distance (e.g., greater than 2 KM) is coupled between laser array 208 and
photodiode array 216.

[0021] First DSP 202 in the embodiment shown includes a space-time encoder 204 coupled to receive a
single data stream 200. Space-time encoder may perform a space-time encoding algorithm on the data
received from single data stream 200. The space-time encoding algorithm may be one that is known from
the art of wireless communications, and may include a space-time trellis code or a space-time block code.

The space-time code may also take into account channel impairments.

[0022] The encoded information generated by space-time encoder 204 may be received in the form of
electrical signals by adaptive modulation unit 206, which may perform an adaptive modulation algorithm.
The adaptive modulation algorithm performed may match the modulation of the electrical signals to
conditions in the optical link, which may be referred to as channel characteristics. The adaptively
modulated electrical signals may be provided form adaptive modulation unit 206 to the lasers of laser array
208. Active lasers of laser array 208 may convert the received electrical signals into optical signals that are
transmitted across multi-mode fiber 212. The modulation performed by adaptive modulation unit 206 may
include one of a number of different modulation schemes, such as quadrature amplitude modulation
(QAM), discrete multi-tone (DMT) modulation, or virtually any other suitable modulation technique.
Additional techniques such as orthogonal frequency division multiplexing (OFDM) may also be employed

by the communications system.

[0023] The transmitted optical signals may be received at the other end of multi-mode fiber 212 by
photodiodes of photodiode array 216. Each photodiode may convert received optical signals into electrical
signals that may then be forwarded to dispersion compensation unit 222. Dispersion compensation unit 222
may utilize one or more NxM channel estimation matrices, which may include estimates of channel

characteristics obtained during performance of a training algorithm. It is noted that N is the number of
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transmitters (e.g., lasers) operating while M is the number of receivers (e.g., photodiodes) operating, and
these numbers may be different from one another. The channel estimation matrices may be used by
dispersion compensation unit 222 to produce inverse channel estimation matrices that can be combined with
the electrical signals to compensate for optical dispersion in the channel, and thus recover the electrical
signals in a form such as that of the electrical signals that were provided to laser array 208 by adaptive
modulation unit 206. The electrical signals recovered by dispersion unit 222 may then be provided to
space-time decoder 220, which performs a space-time decoding operation to recover the original data

stream. The original data stream may then be output from DSP 218.

[0024] Fig. 3 further illustrates the use of adaptive modulation. In the embodiment shown, the
communications system includes a first communications link across multi-mode fiber 306 and a second
communications link across multi-mode fiber 322. A first transmitter includes DSP 300 and laser array
302, while a second transmitter includes DSP 314 and laser array 318. A first receiver includes photodiode
array 310 and DSP 312, while a second receiver includes DSP 330 and photodiode array 326. DSP 312 is
coupled to provide adaptive modulation data to DSP 314, while DSP 330 is coupled to provide adaptive
modulation data to DSP 300. Although not explicitly shown here, DSP 300 and DSP 314 may each include

an adaptive modulation unit 206, as discussed above with reference to Fig. 2.

[0025] In the embodiment shown, channel characteristics (e.g., temperature, micro-vibration effects, etc.)
for the first communications link may be determined by DSP 312. Information indicative of channel
characteristics for the first communications link may be provided to DSP 314, transmitted over the second
communications link to DSP 330, and provided back to DSP 300. For subsequent transmissions, DSP 300
may use the received adaptive modulation data to perform and adaptive modulation algorithm on electrical
signals that are to be converted to optical signals and transmitted across the first data link. The adaptive
modulation algorithm performed may compensate signals, prior to transmission, for the conditions on the
communications link, such that they arrive at a receiver in a condition that is closer to the intended form

than they otherwise would if uncompensated.

[0026] For the second communications link, adaptive modulation information may be conveyed in a
similar manner. DSP 330 may determine channel characteristics for the second communications link and
convey this information to DSP 300. The information may be transmitted across the first communications
link to DSP 312 and be subsequently conveyed to DSP 314. In subsequent transmissions, DSP 314 may
use its received adaptive modulation data in the performance of an adaptive modulation algorithm on data

to be transmitted over the second link.

[0027] 1t is noted that the determination of channel characteristics and the generation and conveyance of

corresponding adaptive modulation data may be periodically repeated. Repeating this the generation and
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conveyance of adaptive modulation may allow the communications system to respond to changing

conditions that can in turn change the channel characteristics for the communications links.

[0028] 1t is further noted that embodiments are possible and contemplated wherein the adaptive
modulation information is conveyed by means other than the optical communications links shown. For
example, one embodiment is possible and contemplated where a dedicated wired or wireless clectrical link
exists between DSP 312 and DSP 300 to convey adaptive modulation information from the receive side of

the first communications link to the corresponding transmit side.

[0029] Fig. 4 illustrates a flow diagram for one embodiment of a method for optimizing modal coupling
diversity in an optical communications system. Modal coupling diversity may be used with optical
communications system that use multiple optical transmission devices (e.g., lasers) that operate on a
thermal budget (i.e. within or under a thermal threshold). Due to the low costs of optical transmitters and
receivers that may be used with multi-mode fiber, it may be more economical to include a greater number
of each in an optical communications system. This may lead to excess capacity that may exceed thermal
constraints were all transmitters to be operated at the same time. The method for optimizing modal
coupling diversity may include selecting a subset of these transmitters that may operate within the
established thermal constraints of the system while maximizing modal coupling diversity relative to other

possible subsets.

[0030] Modal coupling diversity optimization may take advantage of the fact that there are many different
paths for light to travel in a multi-mode fiber. The various paths traveled by different light rays within a
multi-mode fiber may result in different modal coupling characteristics on the receive side. By increasing
the variation of modal coupling characteristics (i.e. maximizing modal coupling diversity), the likelihood
that information transmitted through the fiber on multiple modes is successfully recovered at the receive

side.

[0031] The method shown in Fig. 4 begins with a determination of a thermal budget available to the lasers
in a laser array of an optical communications system (block 402). This may include measuring
temperatures around a transceiver and determining a portion of an overall thermal budget that is to be
allocated to the laser array. After determining the thermal budget for the laser array, a determination can be
made of the number of lasers that may be operated simultaneously without exceeding the portion of the

thermal budget allocated to the laser array.

[0032] With the number of lasers that can be operated within the specified thermal constraints being

established, the method may iterate through the laser array, performing sample transmissions by each laser
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and measuring corresponding modal coupling characteristics seen on the receive side (block 406). Based
on the measured modal coupling characteristics, lasers of the array may be selected to form a subset of
lasers having the largest modal coupling diversity relative to other possible subsets (block 408) while
remaining within the specified thermal constraints. The lasers of the subset may be enabled for subsequent
operations, while the other lasers may be disabled (block 410). The enabled lasers may then transmit
optical signals over the multi-mode fiber (block 412). The method may be periodically repeated to adapt to

changing conditions (e.g., changing temperatures at the transceiver; block 416).

[0033] The method illustrated in Fig. 5 is similar to that illustrated in Fig. 4. The allocation of a portion
of the thermal budget available to lasers of a laser array and the determination of the number of lasers that
may be simultaneously operated may be performed a single time. The other portions of the method (blocks
506, 508, etc.) are analogous to similar portions (e.g., blocks 406, 408, etc.) in the block of the method of
Fig. 4. Accordingly, the primary difference between these two methodologies is that the thermal budget
allocated to the laser array is a static (one-time) calculation in the method shown in Fig. 5, while it is a
dynamic (each method iteration) calculation in the method shown in Fig. 4. Furthermore, in this particular
embodiment, electrically signals provided to the lasers are adaptively modulated prior to conversion to
optical signals and subsequent transmission (block 512). Adaptive modulation may also be implemented in
the embodiment of Fig. 4. However, adaptive modulation is not a requirement for either of these

embodiments.

[0034] Fig. 6A illustrates a 3x3 array of vertical cavity surface emitting lasers (VCSELSs), while Fig. 6B
illustrates a subset of lasers that may be selected, in one instance, from performance of an embodiment of
the modal coupling diversity optimization methods described above. The selected lasers comprising the
subset are shown in white, while those lasers that are disabled are shown in black. In Fig. 6C, numerical
values indicating the portion of the allocated thermal budget consumed by each laser is shown. For
example, the laser in the upper left hand corner consumes 32% of the allocated thermal budget in this
example, while the laser in the lower middle block consumes 15%. More particularly, in Fig. 6C, the
thermal design power (TDP) has been reallocated such that some lasers use more power than others to

maximize modal coupling diversity.

[0035] Fig. 7A illustrates another laser array in which the middle row of VCSELSs is horizontally offset
with respect to the top and bottom rows. Fig. 7B illustrates the selected subset and the disabled subset in
one instance, with each selected VCSEL being represented by the white blocks. Fig. 7C illustrates the
amount of the allocated thermal budget consumed by each VCSEL of the selected subset. Similar to the
arrangement shown in Fig. 6C, TDP has been reallocated such that some of the lasers use more power than

the others in order to maximize modal coupling diversity.
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[0036] Fig. 8 illustrates another example wherein lasers may be rotated and/or moved in position to

further increase modal coupling diversity.

[0037] 1t is noted that the various embodiments discussed herein and shown in the accompanying
drawings are exemplary. Many other embodiments, not explicitly disclosed herein, are possible and

contemplated within the spirit and scope of this disclosure.
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WHAT IS CLAIMED IS:

1. An optical communications system comprising:
one or more optical-to-electrical (OF) converters (216) coupled to receive optical signals from a
multi-mode optical fiber (212) and configured to convert the received optical signals into
corresponding electrical signals; and
a first digital signal processor (DSP) (218) coupled to receive electrical signals from the one or
more OE converters, wherein the first DSP is configured to perform a dispersion

compensation algorithm on the received electrical signals.

2. The optical communications system as recited in claim 1, wherein the communications system
further includes:
one or more optical transmission devices (208) coupled to drive optical signals into a first end of
the multi-mode optical fiber; and
a second DSP (202) configured to receive a data stream and further configured to provide, to each
of the one or more optical transmission devices, electrical signals corresponding to data in

the data stream.

3. The optical communications system as recited in claim 2, wherein the second DSP includes space-
time encoder (204) coupled to receive the data stream and configured to perform a space-time

encoding algorithm on the data in the data stream.

4. The optical communications system as recited in claim 2, wherein the second DSP includes an
adaptive modulation unit (206) coupled to receive one or more encoded signals from the space-
time encoder, wherein the adaptive modulation unit is configured to modulate the encoded signals
based on one or more channel characteristics, and wherein the adaptive modulation unit is
configured to provide one or more modulated signals to the one or more optical transmission

devices.

5. The optical communications system as recited in claim 4, wherein the adaptive modulation unit
(206) is further coupled to receive channel characteristic information from a third DSP (330),
wherein the third DSP is coupled to receive electrical signals from one or more of a corresponding

plurality of OE converters (326).

6. The optical communications system as recited in claim 1, wherein the optical communications
system includes a plurality of optical transmission devices (208), wherein the optical

communications system is configured to, during operation, activate a subset of the plurality of
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10.

11.

optical transmission devices based on a maximum modal coupling diversity value determined by

performing a training algorithm.

The optical communications system as recited in claim 1, wherein the multi-mode optical fiber has

a length greater than 2 kilometers.

The optical communications system as recited in claim 1, wherein the first DSP includes a
dispersion compensation unit (222) coupled to receive the electrical signals output from the one or
more OE converters, wherein the dispersion compensation unit is configured to generate one or
more compensated signals by applying one or more channel estimation matrices to the electrical

signals, the channel estimation matrices being based on characteristics of corresponding channels.

The optical communications system as recited in claim 1, wherein the first DSP includes a space-
time decoder (220) coupled to receive the one or more compensated signals to a space-time
decoder, wherein the space-time decoder is configured to re-generate the data stream by

performing a space-time decoding algorithm on the one or more compensated signals.

An optical communications system comprising;:

a first digital signal processor (DSP) (202) configured to receive a data stream and further
configured to perform an adaptive modulation algorithm on a first set of electrical signals
in order to generate a second set of electrical signals, wherein the first set of electrical
signals corresponds to data in the data stream, and wherein the second set of electrical
signals is generated by the adaptive modulation algorithm shaping each of the first set of
electrical signals based on one or more channel characteristics; and

one or more optical transmission devices (208) coupled to receive the second set of clectrical
signals and configured to convert the electrical signals into optical signals and to drive the

optical signals into a first end of a multi-mode optical fiber.

The optical communications system as recited in claim 10, further comprising:

one or more optical-to-electrical (OE) converters (216) coupled to receive optical signals from a
second end of the multi-mode optical fiber and configured to convert the received optical
signals into corresponding electrical signals; and

a second DSP (218) coupled to receive electrical signals from the one or more OFE converters,
wherein the second DSP is configured to perform a dispersion compensation algorithm on

the received electrical signals.

10
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12.

13.

14.

15.

16.

17.

18.

19.

The optical communications system as recited in claim 10, wherein the optical communications
system includes a plurality of optical transmission devices (208), wherein the optical
communications system is configured to, during operation, activate a subset of the plurality of
optical transmission devices based on a maximum modal coupling diversity value determined by

performing a training algorithm.

A method (400) comprising:

calculating (404) how many of a plurality optical transmission devices (208) can be concurrently
operated without exceeding a thermal threshold,;

selecting (408) a subset of the of the plurality of optical transmission devices, wherein selecting
the subset includes selecting particular ones of the plurality of optical transmission
devices having a maximum modal coupling diversity value without exceeding the thermal
threshold; and

transmitting optical signals onto a multi-mode optical fiber using the subset of optical transmission

devices.

The method as recited in claim 13, further comprising periodically repeating (416) said calculating,

and said selecting the subset.

The method as recited in claim 13, further comprising adaptively modulating (512) electrical
signals provided to each of the subset of optical transmission devices based on one or more

channel characteristics.

The method as recited in claim 13, further comprising determining the maximum modal coupling
diversity (408) based on modal coupling characteristics determined at a receiver coupled to receive
optical signals transmitted across a multi-mode fiber by each of the plurality of optical

transmission devices.
The method as recited in claim 13, wherein determining the maximum modal coupling diversity
(408) comprises determining modal coupling characteristics for each of the plurality of optical
transmission devices.
The method as recited 13, further comprising periodically determining the thermal threshold (402)
for the plurality of optical transmission devices in a transmitter unit of an optical communications

system.

The method as recited in claim 13, further comprising:

11
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20.

a plurality of opto-electronic (OE) converters receiving optical signals from the multi-mode fiber
and converting the optical signals into electrical signals;

performing a dispersion compensation algorithm on the electrical signals.

The method as recited in claim 13, further comprising allocating power among the subset of

optical transmission devices to obtain maximum mobile coupling diversity.

12
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